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20.-7y use of a grid revealed vortex flow strength to be the second major
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2 dB change with doubling of wake turbulence intensity or velocity defect.
A discussion of the relative importance of various sources of noise due to
flow distribution at the inlet is given. This report will be submitted
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Subject: Nature of Inlet Turbulence and Strut Flow Disturbances and
Their Effect on Turbomachinery. Noise

References: See page 22.

Abstract: Results of an investigation in which turbomachinery rotor sound
spectra were correlated with aerodynamic measurements of the
inlet turbulence, strut wake, and vortex flow strengths are

reported. Aerodynamic measurements included mean velocity
profiles, turbulence intensity, and axial length scales. Inlet
turbulence data indicate that the major effect of flow con-
traction appears to be the elongation of turbulent eddies from
20 cm to 200 cm. Eddies of this size dominate the blade passing
frequency (BPF) tones. Decreasing eddy size by use of a grid revealed
vortex flow strength to be the second major sound source. A
doubling of vortex flow strength produced a 6 dB increase in the
SPL of the first BPF. The sound pressure level showed less than
a 2 dB change with doubling of wake turbulence intensity or
velocity defect. A discussion of the relative importance of
various souces of noise due to flow distribution at the inlet
is given. This report will be submitted to the Journal of Sound
and Vibration for publication.
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NOMENCLATURE

CD Drag coefficient of the blade

c Blade chord

d Diameter of the duct

L W  Wake width based on semidepth nondimensionalized by rotor
blade spacing

r, rt Local and tip radius of the blade

s/c Space to chord ratio

Ux, U x  Axial component of velocity in the freestream
0

U c Velocity at mid radius
u
U v-U a+ u'
xr x r

U Radial velocity
r

u, v, % Tdrbulent velocity in axial, taorential and radial
directions respectively

1Axial component of turbulence intensityx

\7i7 Tangential component of tuirbulence intensity

q2 (u 2 + w2 )

Y Strut wake transverse distance normalized by the local
rotor blade spacing (Y = 0 at the wake center)

z Distance between hot wire probe and strut trailing edge
(Figure 2) for aerodynamic measurements, distance between
rotor leading edge and strut trailing edge for acoustic
measurements

Z z/c

A Velocity defect in the wake (1 - U xr/U xo)

Strength of the vorticitv

0 Arc location (Figure 49)

CBlade turning angle

Flow coefficient (axial velocitv divided by the blade speed)

6 Strut boundary layer thickness
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INTRODUCTION

The generation of sound by low speed turbomachinery rotors is
known to be a function of the blade geometry as well as upstream flow
cilaracteristics. The latter category would include the inlet turbulence,
centerbody and annulus wall boundary layer turbulence, mean flow
distortions and turbulence caused by vortices and wakes of upstream
struts. The broadband sound arises due to random velocity fluctuations
in wall and blade boundary layers as well as the free stream. The
pure tone noise arises from the elongated turbulent eddies present
in the free stream, as well as the mean velocity defect in wakes and
boundary layers. An experimental investigation in which the effect of
long eddies present in the free stream and the wall boundary layers was
systematically studied is discussed in References [11* and [2]. The effect
of disturbances (both random and periodic) caused by upstream struts has
not been studied systematically. The upstream struts generate noise
through interaction of the rotor with wakes shed at all spanwise locations
and with the vorticity generated near the intersection of the centerbody
with the struts. Furthermore, the turbulence in the wake and vortex
flow regions generate both broadband and pure tone noise. The objective
of this paper is to study these effects as sources of noise and to
ascertain their relative importance in the overall noise generation.

The investigation reported here can be broadly classified into
two phases. During the first phase, effort was directed towards an
understanding of the eddy elongation process as it travels from upstream
of the inlet to a position upstream of the rotor. The second phase of
the investigation consisted of the study of the strut generated noise.
This study was carried out with four upstream struts, operated at
various strut-to-rotor spacings. The flew field, as well as the noise
levels, were measured. The correlation of the mean velocity and turbulence
data (in the wake, as well as end wall regions) with the far field noise
levels provide some important information on the effect of various sources
of strut disturbance on noise generation.

*Numbers in brackets refer to references at the end of the paper.
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EXPERIMENTAL FACILITY AND PROGRAM

Aeroacous tic Facilit1

An aeroacoustic facility was used for this investigation. The
facility, shown in Figure 1, consists of four main components: an
anechoic chamber, a 17.53 cm diameter test rotor, an acoustic diffuser
and baffle chamber, and a Joy axial flow fan. The test medium is air.
A hot wire probe positioning mechanism which did not alter the flow was
removed for all acoustic measurements. A detailed description of the
facility as well as the rotor is given by Robbins and Lakshminarayana [1].

Interior dimensions of the anechoic chamber were 3.35 x 3.66 x
2.44 m. The walls, floor, and ceiling were constructed of Owens-
Corning Type 705 industrial fiberglass, 15.24 cm thick. The rotor
inlet was centered in one wall of the chamber with the inlet lip
38.0 cm from that wall. An inlet hole 1.0 m in diameter located directly
opposite the rotor inlet admitted air into the chamber. A 5.0, cm
thick fiberglass baffle upstream of the hole prevented noise from entering
the chamber. Calibration of tie anechoic chamber showed that the measured
data is in good agreement with the inverse square law from 1 to 20 kliz.
The ambient noise level was measured to be 20 dB below the rotor noise
spectrum. These results indicated the chamber to be anechoic for the
frequency range of interest in this investigation and to have acceptable
ambient noise levels.

A 17-bladed rotor was used in conjunction with four symmetric
struts for all tests. The rotor blade chord was nearly constant
from the centerbody to tip at 4.06 cm. The rotor blade spacing at
mid span was 2.43 cm. The stagger angle varied from 0.31 radians at
the root to 0.81 radians at the tip. The centerbody-to-tip ratio of
tile rotor was 0.48. The struts used had NACA 0021 symmetric profiles
with no twist, a zero incidence and chords of 12.7 cm. The rotor was
operated at 5440 rpm with all axial velocity of 39.0 m/sec. This resulted
in a flow coefficient of d = 0.75. The aerodynamic performance of the
rotor is documented by Moiseev, et al. [2].

Aerodvy-namic Con figiura t ions and Measurements

Strut wake width, velocity defect and turbulence were varied by
chan ing the rotor-to-strut spacing as illustrated in Figure 2. Three
spacin .s, nondimensionilized with respect to the strut chord, were
investigated; Z = 0.18, 0.9, and 1.8 where Z .ii uedimensional distlnce
be tween the probe and the trail ing edge of the strut. The effect of
vortices g:enerated at the intersection of a strut wit', the inner wall
was ail.;o investigaited. Since tile streLgth as well as size of these
vortices are strongly, related to the boundary-v l,;ve,0r thickness, as
ill ustrated by Barber [3] , th (cnt e body Iel.t I was shertened f-rom
47.63 cm to 26.35 cm to provide two diflerent bouindarv liver thicknesses.
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It should be remarked here that all the aerodynamic measurements
were carried out with the configuration just described in Figure 2,
keeping the rotor and the probe location fixed and moving the strut.
For noise measurements, the velocity survey ring shown in Figure 2
was removed and the struts moved closer to the rotor such that the
distance between the rotor leading edge and the strut trailing edge
nondimensionalized by the strut chord, was 0.18, 0.9 and 1.8. Hence,
the aerodynamic measurements reported here correspond to the flow
field that would exist at the leading edge of the rotor, neglecting
the upstream influence of the rotor on the flow field. This method was
adopted because of the difficulties in carrying out measurements
close to the rotor leading edge.

The final parameter investigated was the effect of inlet turbulence
on rotor noise in the absence of struts. Turbulence levels and length
scales were measured at axial stations 6.71 cm and 31.39 cm upstream
of the rotor. Measurements were also conducted at stations 10.31 cm
:and 17.6 cm upstream of the inlet along a circular arc, as shown in
Figure 3. The effect of a grid altered turbulence was also studied.
The grid, placed in the annulus 59.69 cm upstream of the rotor Figure 3,
has a mesh size of 2.86 cm and a rod diameter of 0.556 cm. For all
experiments, the free stream velocity and flow coefficient were held
constant.

An :x-array hotwire probe was used to obtain axiol and tangential
comnonents of mean velocity and turbulence. Probes were calibrated
accounting, for temperature variations. The calibration .,as reneated
before ;nd after each test to account for th e variation in wire resis-
tance due to w'ire aging. The flo. was surveyed 45' to either side
of the strut chordline at two radii, 547 and 757' of the rotor tip radius.
Surveys of 360' were also conducted at these radii nius at a radius
of 95,7 of the tip radius for the purpose of Fourier onalyvzing the
rotor inflow.

In conjunction with the standard hotwire anemometrv network, a
correlation function computer was used. The autocorrelation of the
axia l com:.ponent of velocity (u) was recorded by using an x-y plotter.
.\n inte.;ral time scale was derived from this curve by using the
following' equation:

T 1u (t)du = T

where luu(u) =u(x, y, 0, t) u(x, y, 6, t + T)/u and x, r, 0 are the axial,

rad ia l and tngential Idi rec t ions, respect ivel y. By assuming that turbulent
eddies ,cre convected with the flow, multiplication of the time scale b
t1W 0C,1 axial vlocitv g;V the axial ]length scale (L.x

Acousti-c cilrmts

The acoustic eaL ;1sOrleme, nts were carried out with the struts placed
,it .18, 0.9 and I .s chordlengths upstream of the rotor lcadn-,, edge,
as described earl ier. In Figurc 2, 'z" now corresponds to the distance
bete:en the leadin:;g edge of the rotor and the trailing edgo of the strut,s.
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Measurements of the far-field noise spectra were carried out with
a 0.64 cm diameter B&K condensor microphone. Noise spectra were obtained
by analyzing the microphone signal with a General Radio wave analyzer
and recording the output signal with an x-y plotter. The relative dB
levels of the rotor blade passing frequency and harmonics were also
measured by time averaging the mean square output of the wave analyzer
(at the frequency of interest) over a 60-second time period. The
bandwidth of the analyzer was 10 Hz. The microphone was located
76.2 cm in front of the inlet, Figures 2 and 3, along the annulus center-
line. All hotwire probes were removed during noise measurements.

Due to the length of the inlet annulus, some concern was expressed
for its effect on the rotor noise propagation. Results indicated the
first mode of the annulus was at 4 kHz, which corresponds to a wave-
length twice the annulus size. This is well above the first and second
blade passing frequency (BPF). Thus, the spectra are not corrected
for the annulus response.

Spectra were obtained for all the configurations mentioned in the
previous section. Table I summarizes the parameters varied and the
measured sound pressure levels (SPL) of the first, second, and third
blade passiag harmonics. The rotor was operated at 5,440 rpm, at a
flow coefficient of i = 0.75 and an axial velocity of 39 m/sec for
all tost.-;.
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INLET CONTRACTION EFFECTS ON ENTRY TURBULENCE

Inlet Flow Characteristics

The results of the mean velocity profile measurements are shown
in Figure 4. In Figure 4a, the axial velocities are nondimensionalized
with respect to the axial velocity at the annulus centerline (0 = 900).
The axial centerline velocities at stations 3 and 4, see Figure 3, were
4.04 m/sec and 1.79 m/sec, respectively. The increase in the axial velocity
ratio as the probe moved from 6 = 900 to 0 = 0* was the result of the de-
crease in effective cross sectional area.

The axial mean velocity profiles at stations I and 2 are shown on
Figure 4b. Free stream velocities at these stations were 35.8 m/sec at
station 1 and 28.4 m/sec at station 2. The larger velocity gradient at
the wall for station 1, compared to station 2, was the result of boundary
layer growth. The velocity profile developed on the stationary 47.63 cm
long centerbody, originally measured by Moiseev et al. [21 and repeated
in this investigation, shows clearly the thick boundary layer on the
inner and outer walls.

The variation of the axial (u2/u) and tangential (/V2/U ) components
of turbulence are shown in Figures 5 and 6. Upstream of the inlet, the
turbulence was found to be weekly nonisotopic. This degree of nonisotropy
was maintained from the inlet to the rotor with the tangential intensity
being slightly higher than the axial component. The axial and tangential
intensities upstream of the inlet and at the rotor differ by approximately 40%.

The axial and tangential intensities at stations 1 and 2, Figure 3,
are shown in Figure 6a and 6h, respectively. Also shown is the intensity
profile with a long centerbody. It is evident that axial and tangential
intensities remain nearly constant in the free stream from stations 4
through 1. The intensities are substantially higher in the annulus wall
and centerbody wall boundary layers.

To verify the trends exhibited by the turbulence intensity components,
the measurements were compared to a theory on the effect of contraction
on isotropic turbulence by Ribner and Tucker [4]. The behavior of the
turbulent veloc ities u2 and v in an axisvmmetric contraction were

determined by the following equations

B = 3 -2' - e-
--- + tanh - (2)

ti.- 4 (1 ](,)3/2

- tanI 1  (3)

v 8 V,2 "  -3 v ( 1 ) / 2

where subscripts A and B refer to tat ios ups tream of and downstream of
the contraction, respectively, ' /' * l = ra'tio of velocitv it
station B to that at station -\, an! .tr,'-m breoOth -t1 st ation 1" divided
by its value at station A. Comparison of measurements with the theory
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are shown in Figure 7. The experimental data agree well with predictions
from Equations 2 and 3.

The effect on turbulence intensity of a grid placed at the inlet is
illustrated in Figure 8. Tile axial and tangential turbulence intensities
are plotted for stations 1 and 2. Comparison of the grid and no grid cases
indicates that, in the vicinity of tle grid, axial and tangential inten-
sities are increased by a factor of nearly 6 and 3, respectively. A
second effect of the grid is to reduce the non-isotropy of the flow. Even
though the intensities are increased when the grid is inserted, tile
length scales were decreased as explained below.

The measured axial length scales at various axial and radial locations
are tabulated in Table II. It is evident that the scales upstream of the
inlet are of the same order of magnitude as the annulus diameter. The
length scale increases drastically as the flow goes through the contraction
from station 4 to 1. The length scale at tile center of tile anul1U.1S
increases ten-fold from station 4 to 1. In addition, there is a small
variation in length scale across the annul us. Based on the measuremen ts
rcported in this paper, one can conceptually imagine the stretching of
th, eddies as shown in Figure 9.

Hanson [8] was one of the first to identify these long eddies as a
source of noise. Since each of these eddies are chopped several times
over as it passes through the rotor, partially coherent noise is generated.
This cont ributes to and/or increases the spectral peaks. It is somewhat
surprising; that the eddies are long (of the order of an annulus diameter)
even before they enter the inlet.

Correlation of Inflow Turbulence Data

.\ comparison of inflow data reported here with data olbtained bv other
investigators is shown in Table 111. Each investigation is classified
on the basis of whore measuremen ts were made, as follows: (1) measurements
upstroan of the inlet, (2) measurements forward of tile centerbody but
dow.'nstream of the inlet, and (3) measurements in tile annulus region.
Impiort ant paralmeters lis ted in Table II are the type of facility used,
source of turbulence, annulus outer di,me ter (d), he ight of annulus
centerline above the floor, type ind location of probe used, number of
rotor blades (N) and the con terbody- to- t ip ratio (rh/rt). Also listed
tor eaci, investigation are the free stream values of both axial and
tangent i al turbulence intensitv, axial length scale (1,x), free stream
velocity (ux), flow coefficient (cp), and the ratio of tip to axial Mach
nuimbers (M L/ ) .

It should lit rl'llilked lii1 hi tHe researcth r orted in this paper
i:; the olnk I iva ilable invest i; Ill i ili itd ai thic Stt idxV I Lli dev' IOpment

of Liir hii lt ot 'dd i , ;is I hev p:is;s Irom iipj:;rt i i oI ni ill Ii n et to t lie rot or

loadinM v edge, as .is evident from Tiible 111.

lI1 tile region upstream of thc centerbodV and downstream of tle inlet
I'gi're 3, flow cont ractLion rcsiillts iii a ; i gt (IetrealsO ill tie nmanitude

of both the components of turbulence. A greater dec rca se in tie tangential
intens itv occurs as the turbunlent eddy is strotched.

L_
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Comparison of this data with those of Bekofske, et al, [5] shows a
discrepancy in the relative magnitudes of the turbulence intensities.
In the two types of inflow turbulence measured by Bekofske, et al, 15],
the axial intensities were found to be greater than the tangential
intensities. This result can be explained by analyzing the generation of
the inflow turbulence. Inflow turbulence in the first part of the study
by Bekofske et al [5] was generated by drawing air through the porous
walls of the anechoic chamber. Turbulence intensity levels were measured
at 1.7% and 1.2% for the axial and tangential components. The second
inflow turbulence investigation was performed with all air ducts to the
walls closed. Air was admitted only through doors in the wall opposite
the fan inlet. The result was an increase in the tangential intensity
from 1.2% to 1.6% with no increase occurring in the axial intensity.
When this is taken into consideration with the longer axial length scales,
it is evident that a larger scale of turbulence is being ingested by
the inlet. Thus, a trend is exhibited that with larger room eddies
present, a higher tangential intensity is encountered. Based on this
idea, a difference in the size of room turbulence could account for the
discrepancy between Bekofske's measurements and those of this investigation.

The largest discrepancy between components of turbulence intensity
was that measured by Shaw, et al [6]. In their investigation, the
tangential turbulence intensity was ten times larger than the axial
intensity. Shaw [7] indicated that a control door on the wind tunnel
might have been open which may account for high tangential intensities
being measured.

The final class of measurements are those taken in the annular
region. Measurements from this investigation are compared to data
from studies by Hanson [8], Robbins,et al.[l], and Moiseev et al [2].
As was shown in Figures 5 and 6 of this investigation, tangential
intensities were found to be nearly 30 to 40, higher than the axial
intensities. Contraction of the flow resulted in a 10% decrease in
both components of turbulence intensity. With the decreased intensity,
it was found that the axial length scale increased 25%.

Hanson [8], who is one of the earliest to investigate inlet turbulence,
measured the axial and tangential intensities to be 0.9% and 2.5X of the mean
flow, respectively. The axial length scale of this turbulence was found to
be 500 cm. Such a higoi tangential intensity and long length scale can be
attributed to the ingestion and stretching of larg, scal ;Itmosp1heric
turbI, ICnce,. The upper limit on the characteristic s ize of i turul ent
Oddv in tils case ts on the order of the thickness of the plnetarv
bound.-l!ry laver. Tlerefore, onIv a cjtl;a]l [at[icc compairison Call be I'ado

shoWil, tltl i e ta 1ilgeltia intensity is highvr than the axi;-O intens itv.
.T0 cllnt it;atiVc rsults c n he dra-vll.

Robbins and Lakshminarayana's [ I ] data is simi hair to the present
investigation, even though tile intensities are slightly higher. The
higher turbulence intensities measureld irv be lit'ved to be tlh result of
operating at a higher flow coofficient and because a different anechoic
e n( losure was used.
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Data on turbulence levels by Moiseev et al (Table Ill) indicate
that the axial intensities are 2.5% of the mean flow and the tangential
intensities are 0.5% near the center of the annulus. The higher axial
intensity relative to the tangential intensity was the result of a fully
developed boundary layer being present on the inner wall of the annulus.
The presence of this boundary layer is also seen to reduce the axial
length scale of ingested turbulent eddies. Finally, Moiseev, et al. in addition
to the long eddies, measured a much shorter eddy length scale and
attributed this length scale to the eddies associated with the boundary
layer. Since this investigation did not measure any small eddies in
the inflow, it can be concluded that the short eddies measured by
Moiseev et al. were developed in the wall boundary layer.

Acoustic Data and Correlation

The far field spectrum of the noise of the rotor with the configuration
shown in Figure 3 (17 blades, short centerbodv, q = 0.75, 5440 rpm), 'ith
the microphone at 76.2 mm from the inlet, is shown in Figure 10 for both
the grid and no grid case. This provides a dramatic illustration of the
effect of elongated or long eddies. With no grid, the maximum length
scale and the axial turbulence intensity at station I are 242 cm and 0.06,
respectivelv. The corresponding values for the grid case are 22 cm and 0.10,
respectively. It is evident that a 10 dB decrease in noise level brought
about by placing the grid is mainly due to the shortened length scale, even
though the turbulence intensity is increased. The noise intensity is Oecreased
by 10 dB, while the length scale decreased by a factor of 10. Thvs, it is
evident thit thle process described is this papor, namely the elong ation of
th.0 ecIdlcS thr1OUg!) the contr;ction, is a major cont ributor to te noise
leve l. T.is points out the need for a modificntiol of existing O'eories
to include, non-isotropy and long length scales in the turbulent descrintion.

A
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DISTURBANCE DUE TO STRUT UAKE AND VORTEX FLOW

Aerodynamic Data and Interpretation

Results of the strut wake measurements are shown in Figures 11 and
12. The velocity component Uxr is nondimensionalized by the free stream
axial velocity and plotted as a function of the normalized tangential
distance Y. It should be remarked here that Uxr Z Ux, since the radial
velocities are small. The single sensor hotwire uied in these experiments
Senses Uxr, the resultant of axial and radial velocities. The symmetry
of the wake in these figures was expected since the strut profile is symmetric
and was operated at zero incidence to the mean flow.

In Figure lla, thi decay of the strut wake at a radius of r/rt = 0.75
for the case of no grid is shown. The velocity defect (A) was observed
to decrease from A = 0.32 at Z = 0.18 to a value A = 0.06 at Z = 1.8.
With the decay of the velocity defect, the wake spread from a width of
L1% = 0.2A to a width Lw = 0.57. As illustrated in Figure llb, the
installation of the grid did not significantly alter the velocity profile
or the wake. The variation of velocity defect and wake width with strut
spacing were tile same a, with no grid present. For both the grid and no
grid case, the length of the centerbody had no effect on the wake profile
at this radius.

7M!easurements from this investigation of the decay of the velocity
defect were plotted against data from the study by Lakshminaravana and
!IIvi no [91 in Fi,ure 12. The comrarison indicates that tie trend shown by
the iata ot Lakshminaravana and Davino .-as closely matched by this
inv:;tigatioul. The higher velocity defect close to the trailing edge
was the result of the low guidevane solidity.

The wake profiles at a radius of r/rt = 0.54 (which is very near
the ceniterbodv) are shown in Figures 13a and 13b. Again, the Drofiles
are symmetric except for the rotor/strut spacings Z = 0.9 on the
2. 35 cm centerhodv and Z = 1.8 on the 47.63 cm centerbodv. For both
th:;e caSts, the boundarv laver on the centerbodv is on the order of
9.3 cm thick. The effect of vortex flow is clearly seen in these figures.
.\s reported by Barber [3], the thin boundary layer allows low momentum
flow to collect at the trailing edge of the root section of the strut.
SinCe this flow cannot support the adverse pressure gradient developing
on the strut, flow separation is likely to occur on the strut.

The velocity defect of the profiles in Figure 13a were found to he
20,, hi',,her than those at the strut midspan. This increase can be
ittributed to the contribution made to the velocity vector by the radial
compontit of velocitv. The radial or spanwise velocity generated by
vortex flow is responsible for the higher velocity (than tile free stream
reg'ion) iear the edge of the wake. Aga in, lSe of the grid altered the

wake decay characteristica; only slightly as shown in Figure 13b.
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The vortex flow generated near the centerbodv region, Figure 13a
and 13b, will have a substantial influence on the noise generation. This
provides not only periodic distortion but also the random distortions
to the subsequent rotor for the case of the grid being installed with the
exception of the axial spacing Z = 0.18.

V

Based on the velocity gradient in Figure 13, a calculation was made
of the approximate strength of the vortex flow. These calculations are
compared in Figure 12 to the vortex flow strength predicted using the
theory due to Hawthorne [10, 11]. The strength of the vortex flow was
normalized with respect to the strongest vortex flow case (47.63 cm
centerbody, Z = 0.18). The boundary layer was normalized with respect
to the thickest boundary layer. As illustrated in Figure 12, the trend
exhibited by the calculated vortex flow strength for each configuration
agrees well with theory. The prediction is based on the integration of
Hawthorne's [11] expression for vorticity along the stream tub near the
surface .:'iere the strength is likely to be maximum. The normal vorticity
U:-;ed in the calculation is based on measured inlet velocity ?rofile.

The measured turbulence profiles of the strut wake are shown in
Figure 15 for the radius ratio r/rt = 0.75. In Figurel5a, the wake
centerline turbulence intensity at A = 1.8 is nearly e(ual to the peak
intensity at Z = 0.18. This decay rate, compared to the rate of decay of the
velocity defect, indicates that for this configuration, the wake
turbulence decays 20% slower than the velocity defect. The length of
the centerbodv did not alter the intensity at the axial distance of
0.18. The effect of grid generated turbulence on the turbulence
intensity profiles is shown in Figure 15b. Installation of the grid
increases free stream turbulence intensities from 2% to 5%.
The turbulence intensity levels at the wake centerline also
increase when a grid is placed.

Illustrated in Figure 16 are the guidevane wake turbulence profiles
at a radius of r/rt = 0.54 with no grid installed. The appearance of
the peaks on either side of the guidevane wake peak are the result of
vortices. The turbulence intensity of these vortices was measured to
be 12X of the flow velocity for an axial spacing of Z = 0.18 for both
the long and short centerbodies. This level of turbulence was on the
order of the wake centerline turbulence intensity of 13%. Movement
dow-nstream to Z - 0.9 results in a 25% decay of the wake centerline
turbulence for the long and short centerbody.

Installation of the grid again results in an increase in the
intensity of turbulence as seen in Figure 16b. The -''ake centerline
turbulence levels, when compared to the no grid case, decay twice
as fast. This decay rate also applies to the intensities in the vortex
flow region.

Comparing Figure 16a with Figure 13a, where the velocity data
is plotted, it is clear that the core of the vortex region is located
near y = ±1.5, where the velocity is m11inimum and the turbulence intensity
is maximum. The edge of the vortex is located approximately at y = -0.5.
where the velocity is maximum and the turbulence intensity is minimum.
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The wake and vortex flow regions coexist in the wall region, thus
resulting in a complex distortion (both random and periodic) of the inflow
into the rotor. This should contribute not only to the pure tone noise,
but also to the broadband noise of the rotor. The turbulence intensities
at Z = 0.18, r/rt = 0.54 (Figure 16a) are of the same order of magnitude
as the velocity defects (Figure 13a).

Acoustic Data and Interpretation

The spectrum of background noise was measured with the rotor removed
and the auxiliary fan running at its test speed. The background noise
level was found to be at least 10 dB below the rotor noise spectrum and,
therefore, the signal-to-noise ratio was considered acceptable. The
directivity pattern for the 17-bladed rotor was also measured with the
microphone located at the radial position 76.2 cm upstream of the inlet
(Figure 3). The results are shown in Figure 17. Since no lobed pattern
was measured, the sound levels measured along the annulus centerline were
considered representative for all angles.

Sound spectra measured for the 47.63 cm centerbody with and without
grid are shown in Figure 18a and 18b. With no struts present, the first,
second, and third harmonics of blade passing frequency (BPF = 1541 Hz)
were measured at levels of 92 dB, 78 dB, and 74 dB respectively. Installation
of the four struts at the greatest axial spacing of Z = 1.8 resulted in
a slight (2 dB) increase in the first harmonic with no increase being
measured for the second and third harmonics. The addition of the struts
also produced peaks at the first three harmonics of the strut passing
frequency, of 363 Hz. The SPL of these peaks was 74 dB. Movement of
the struts to the position Z = 0.9 resulted in a 4 dB increase in the
second BPF and no noticeable change in the first and third harmonics of
BPF. A 4 dB increase in the first harmonic of the strut passing frequency
was also measured. At the Z = 0.18 spacing, the first and second harmonics
of BPF did not change, but the third harmonic increased by 5 dB. These
results seem to indicate that the strut wake has very little effect on the
noise generation in this particular case, i.e. the dominant source in still
the inlet turbulence. Also, the second harmonic of strut passing frequency
showed a 3 dB increase, while the first and third harmonics were constant.
The broad peak centered at a frequency of 1.8 kHz was the result of a
blade vibration. The broadband level was constant at 65 dB and was not
altered by strut spacing.

'ri, effects of the grid on the rotor noise spectra, Figure 2, arc
shown in Figure 18b. Two results are immediately apparent; the first
was the decrease in number and magnitude of BPF and strut passing frequency
harmonics, and the second was the broadening of the peak at the first BPF
of 1541 liz. Beginning with the no strut case; the levels of the first
through third harmonics of BPF were 81 dH, 73 dB, and 73 dB. respectivel v. Thus,
the grid reduced the first BPF harmonic by approximately 10 dB and the second
harmonic by 5 dB. Addition of the struts at an axial distance of
Z = 1.81 resulted in only a 2 dB increase in the first BPF and no
increase in the second and third harmonics. No peaks were measured
above the broadband level for the strut passing frequency. This was
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seen again for the case dominated by inlet turbulence. Movement of the
struts to Z = 0.9 resulted in a dramatic increase in the first harmonic
of BPF to 94 dB. Increases of 5 dB and 2 dB were also measured for the
second and third harmonics of BPF. At this spacing, the first and second
harmonics of the strut passing frequency appear above the broadband noise
at a level of 75 dB. The closest spacing of Z = 0.18 results in a
decrease in the level of the first harmonic of BPF to 83 dB. The levels
of the second and third harmonics increase to levels of 85 dB and 78 dB,
respectively. No change was noticed in the first and second harmonics of
strut passing frequency. Finally, around the first harmonic of BPF a
5 dB increase in the broadband signal was measured as a result of the grid
induced turbulence. This turbulence also increased the entire broadband
level by 3 d3 to 68 dB.

The effects of the shorter (26.35 cm) centerbody with no grid are
shown in Figure 19a. The difference between the longer and the shorter
centerbodies, in so far as the flow is concerned, is mainly the alteration
of the strength of the vortex flow. The inlet turbulence properties and
the wake flow field should be identical in both cases. With no struts
installed, a SPL of 90 dB for the first harmonic and 72 dB for the second
and third harmonics of BPF were recorded. With the struts at Z = 0.9,
the first harmonic increased to 93 dB and the second harmonic of BPF increased
to 81 dB. No change occurred at the third harmonic. The levels of the
first, second, and third harmonics of strut passing frequency were 77 dB,
75 dB and 73 dB, respectively. Movement of the strut to Z = 0.18 caused
no change in the BPF harmonics. The first and second harmonics of strut
passin;g requency, however, did increase by 2 dB each.

The measured spectra with the grid installed are shown in Figure 19b.
Without struts, the level of the first BPF was 82 dB. At Z = 0.9, the first,
second and third harmonics were 86 dB, 78 dB and 74 dB, respectively. Moving
the struts closer resulted in an increase of 4 dB in the first BPF harmonic.
Increases of 3 dB and 9 dB were measured for the second and third BPF
harmonics. The first and second strut passing frequency harmonics
appeared at this spacing with sound pressure levels at 75 dB. The
broadband level was measured at 68 dB.

Corre l at ion of Acous tic Data

In the configuration used by the authors, there are three sources
of flow disturbances that can generate coherent noise, as follows:
(1) lmn eddie- in the inlet turbulence, (2) turbulence and velocity defects in
t1,. -,trut wake, and (3) turbulence and velocitv distortion in the vortex flow at
the root of the strut. The purpose of this selection is to evaluate the
relative importance of these effects, based on physical phenomena, flow-
noise correlation and existing theories. In this section, the variation
of the dB lewVel of the first harmonic of iPF is correlated with the
me.sired Change ; in stuch parameters as wike volocity profile, wake
vwlociiv defect, wake turbulence, vortex flow strength, and the inlet
turbulence . The measured sound pressure levels of the first harmonic
of Bi iV were also compared to the predicted levels obtained by an
analytical method due to HomiCz [12] and an unsteady thrust analysis
due to Thompson [13] to determine which of these soirces are dominant
sources ot rotor noise.
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The relative dB levels of the first, second, and third harmonics
of BPF are shown in Figure 20a and 20b for the grid and no grid case,
respectively. A comparison of the theories with the measured SPL
of the first BPF is shown in Figure 21. Homicz's theory, which models
the strut wake based on an isolated airfoil wake decay model, predicts
thait a 20 dB drop should occur with the change in axial separation
between the strut and the rotor used in this experiment. This drop
in ,Pl. was not measured in either the grid or the no grid case. Homicz's
program was then modified to exclude noise due to potential flow effects
and noise due to rotor blade passing the strut, in an attempt to determine
only the noise due to the rotor operating in the strut wakes. Results
indicate that, although a lower SPL was obtained, the predicted dB
change with separation was much higher than measured.

A second attempt to correlate the strut wake w:ith the sound nressure
level was conducted by calculating the unsteady thrust of the rotor by
using, an analysis due to Thompson [13]. Input of this technique required
3600 wake surveys at three radii (r/rt = 0.54, 0.75 and 0.95). This
data is similar to those presented in Figures 11 - 16, with the exception
of the additional data due to the other three strut wakes. Each wake
survey was Fourier analyzed to determine the harmonic coefficients. These
derived Fourier coefficients were then used to obtain the unsteady rotor
thrust. As shown in Figure 21, the relative dB drop in the unsteady
thrust with axial spacing indicates a 10 drop. This confirms the

earlier conclusion that the velocity defect due to the strut wake was not
the major noise source.

* An attempt was made to estimate the trend in the tonal noise
generated due to various sources using the experimental flow data.
Four sources under consideration were; inlet turbulence, wake velocity
defect, maximum turbulence intensity in strut wakes and the strength of
the vortex flow. The noise due to the mean velocity defect should vary
as 20 loi,, A, when all other blade and flow parameters are held constant.
Similarly, the noise due to wake turbulence and the vortex flow should

vary as 20 log [ / IU] and 20 log C, respectively. The trends estimated
from such a calculation are shown in Figure 22 and are compared with the
measured data. While the measured tonal intensity variation is only 2 dB
for the range of Z = 0.18 to 1.8, the variation estimated due to various
sources are substantial. This seems to indicate that the noise due to
long eddies in the inlet turbulence still dominate. The observed variation
in the tonal noise intensity at BPF iwith strut spacing is within the
experimental accuracy. Further, the length scale measurements inside
the wake indicate that the long length scales present at the inlet are
unaffected as they pass through the struts (both free stream and boundary laver).

Installation of the grid has been shown to eliminate the long length
scales and is, therefore, more likely to reveal changes in the SPL due
to changes in wake parameters. It is evident in Figure 22b that, of the
three parameters plotted against the 81L, only the vortex strength shows
a -imilar trend. The vortex strength at an axial spacing of Z = 1.8 could
not be calculated, it is expected that it would have been less than at Z = 0.18.
Therefore, the wake velocity defect and turbulence intensity are not strong
contributors to the rotor noise spectrum.
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To determine the effect of vortex flow on the rotor noise spectra,
comparisons are made between the two centerbodies at identical axial

spacings for the case with grid, where the eddies are short. Long

eddies are major sources of noise in such a static facility. It may
overshadow all other sources. In Figure 23, the dB change in the
vortex flow strengths were calculated for the two spacings Z = 0.9

and Z = 0.18 for the long and short centerbodies and plotted against
the SPL changes. The wake parameters of velocity profile, velocitv
wake defect and wake turbulence are constant between the two centerbodies
for a given strut spacing, therefore, good agreement is seen between
the vortex flow strength changes and the SPL. This indicates that this

type of vortex flow noise could be appreciable in some rotors.
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CONCLUSIONS

The following major conclusions can be drawn from the research
reported in this paper:

(1) The hypothesis by earlier investigators on the effect of a static
facility on the elongation of eddies has been confirmed. The
measurements indicate that eddies are stretched as much as ten
times their original length. This should depend on the con-
traction ratio and the inflow turbulence properties.

(2) In the presence of these long eddies, the strut wake (mean velocity
defect) is not a major source of noise.

(3) The unsteady thrust computed from the measured mean velocity wake
profiles does not correlate well with the trend exhibited by the
pure tone noise. This is the basis of the conclusion that, in
this particular case, the inflow turbulence and vortex flow dominate
the noise generation.

(4) The vortex flow generated near the intersection of the centerbody
and strut seems to be a dominant source of noise when the inlet
turbulence effects are small (e.g. short eddies). The tonal noise
correlates well with the strength of the vorticity for the case
with a grid.

(5) These conclusions are valid for low speed turbomachinery. At
higher speeds, the relative importance of these sources may change.
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